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During the course of experiments on dogs rendered hypoproteinemic by a
low protein diet, definite  morphological  changes in the liver were observed.
The  most  characteristic  finding  was  a  varying  amount  of  cytoplasmic
vacuolization,  in  some  instances  an  almost  complete  loss  of  stainable
protoplasm.  The  extent  of  these  changes  seemed  to  depend  upon  the
degree  of  hypoproteinemia.  At  first,  the  morphological  changes  in  the
liver  were  thought  to  be  due  to  fatty  infiltration,  but  tissue  stains  and
chemical  analysis indicated that the replacement  of  cytoplasm  by fat was
not  the  underlying  cause.  Hence  studies  were  begun  in an  endeavor  to
determine  the  nature  of  these liver  changes  and  to  correlate  them  with
the hypoproteinemic  states induced by feeding  low protein diets.
Hypoproteinemia  has been produced experimentally by several methods.  Moderate
decreases  in  serum  proteins  have been  observed  in  extensive  liver damage  caused  by
phosphorus  poisoning  (1).  Acute  temporary  hypoproteinemia  has  been  obtained  by
rapid depletion of blood  (2, 3).  Low levels of serum protein may be maintained in these
cases  by  plasmapheresis  (4-7).  Perhaps  the  simplest  method of  inducing and main-
taining  a  low  level  of serum protein  is  by dietary  means.  The  prolonged  feeding  of
carrot  diets  from  which  proteins  are  practically  completely  excluded  will almost  in-
variably cause an appreciable diminution in the serum proteins  (8-14).
Morphological changes in the liver have been  previously obtained by dietary measures.
The feeding of diets in which an excess  of fat was substituted for a deficiency  of protein
caused vacuolization of the liver cells which were demonstrated by staining and analytical
methods to be deposits  of lipids  (15-21).  The  amount of  liver fat  deposition in these
cases was roughly inversely proportional  to the  percentage  of protein  in the  diet  (17).
Similar but less  extensive fatty deposits  were  noted in  the  livers of completely  fasted
animals (22-28).  All these liver changes  seem to differ morphologically and chemically
from  those  we  obtained  by feeding  dogs  diets  normal  in every respect  except  for  the
almost  complete  exclusion of protein elements.  Hepatic  changes were  noted by Weech
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and Goettsch  (29) who  used feedings  identical  to  those  ingested by our animals;  these
workers,  though  not investigating  this  feature  of their  experiments,  were  inclined  to
view the changes  as due  to fatty infiltration.
Methods
Large,  mongrel, vagrant  dogs  were  placed  on  a regular diet  of purina dog  biscuits
and horse meat for a period of 3 weeks to insure a satisfactory state of nutrition.  Each
animal was then weighed and a sample of blood taken for serum protein determinations.
The  animal was  then anesthetized  with intravenous  pentobarbital  sodium  (0.5  cc. per
kilo body  weight).  A small mid-line upper abdominal opening  was  quickly made  and
exactly  10 minutes  after  the administration  of the  anesthesia  approximately  2  gm.  of
liver  tissue was excised after rapid ligation of the end of an accessible lobe.  From this
tissue  quantitative  determinations  of  glycogen,  fat,  protein  and non-protein  nitrogen,
and volatile  substance  were  made;  portions  of  the  specimen  were  placed  in  formalin
and absolute  alcohol and prepared  for microscopic  sections.  An overnight  fast always
preceded  each biopsy.
The dogs were allowed 3 days for recovery from the operation.  Thereafter, they were
placed on ad libitum feedings of the carrot-low-protein diet described by Weech, Goettsch,
and Reeves  (13),  containing but 1.23 gm. of nitrogen for every  1200  calories in the diet.
At approximately  weekly intervals  the weights  were recorded and serum protein deter-
minations  were  repeated.  Biopsy  of the  liver  was  repeated  as  already  described  at
intervals of 3 weeks.  At the expiration of these experiments which lasted about 7 weeks
the  hypoproteinemic  dogs were  utilized for protein  regeneration  experiments  to be re-
ported in a subsequent paper.  In all, 22 dogs were  used in these experiments.
Serum  Proteins.-Total serum  proteins  and  serum  albumin  determinations  were
performed in duplicate by measuring the nitrogen  content of a saline  suspension of the
serum.  The titration method described by Sobel, Yuska, and Cohen (30) was employed
in the micro Kjeldahl procedure.  Separation of the albumin from the globulin fraction
was effected by the method  of Campbell and Hanna  (31).
Liver Protein.-The wet liver sample was weighed and the total nitrogen  determined
by  the  micro  Kjeldahl  method  just  mentioned.  Another  weighed  wet  sample  was
ground in a mortar with a small portion of sand and sufficient  trichloracetic acid crystals
to make a final dilution  of 20 per  cent.  The mixture was filtered and micro  Kjeldahl
determinations  made  on  the  filtrate.  The  result  represented  the  percentage  of non-
protein  nitrogen  in  the  liver  sample.  The  percentage  of  total  nitrogen  minus  the
percentage  of  non-protein  nitrogen  represented  the  percentage  of  protein  nitrogen.
This  figure  multiplied  by 6.25  represented  the  percentage  by weight  of protein  in the
liver sample.
Liver Fats.-The  wet liver sample was weighed, placed in a 100 cc. Kjeldahl flask, and
digested for half an hour in a water bath with  15  cc. of  60 per cent KOH.  15 cc. of 95
per cent ethyl alcohol was added and the flask fitted with a reflux condenser and placed
in a boiling water  bath for an hour,  after which the alcohol  was boiled off.  The flask
was  then cooled.  The mixture was  made neutral to litmus  by the addition of  40 per
cent  H2SO4,  boiled again and  cooled.  The  fat was  extracted  by adding 25  cc.  of  pe-
troleum ether, the container  tightly stoppered with a  glycerined cork, and the mixture
shaken  at intervals for half an  hour.  Sufficient  distilled water  was then added nearly
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to fill the flask and the mixture allowed to stand for several hours.  10 cc. of the floating
ether extract was measured into a clean, weighed, 50 cc.,  Erlenmeyer flask and the liquid
evaporated  over a water  bath.  The  flask was  placed in a  desiccator and weighed  at
hourly intervals until the lowest weight reading was obtained.  The difference  in weight
between  the final weighing and the original weight of the flask represented the grams of
fatty acid and cholesterol  in the  10 cc. ether extract.
Liver Glycogen.-The percentage  of glycogen  in the liver samples  was determined by
the method  of  Good,  Kramer,  and Somogyi  (32).
Volatile Substance in Liver.-An empty glass-stoppered weighing bottle was accurately
weighed,  and about a gram sample  of the wet liver  tissue introduced immediately after
its removal from the animal.  The whole was  then reweighed,  the difference in the two
weights representing  the weight  of the liver sample.  The bottle was then unstoppered
and placed in a 60°C.  oven for  48 hours,  after which  it was  placed in a desiccator  for
24 hours.  The bottle was  then stoppered  and weighed.  The  difference in weight be-
tween  the wet and dry samples represented the loss in weight of volatile substance, con-
sisting almost entirely  of water.  The grams of water loss divided by the weight of the
fresh tissue gave the percentage by weight  of  water in the liver  sample.
Liver Function Tests.-Two kinds of tests were carried out.  For the iso-iodeikon test
the method of Graham  and Cole was used  (33).  The  serum blank was  secured at  the
same time blood was removed for serum protein  determinations.  For each kilo of body
weight  40 mg.  of iso-iodeikon  (tetraiodophthalein  sodium)  dissolved in 0.5  cc. of water
was injected intravenously.  After  5 and  10 minute intervals  additional blood samples
were  removed  and the  serum  separated.  A  50 per cent  standard  was  made  by  dis-
solving 24 mg. of the dye in  100  cc.  of water.  Readings  were  made in a photoelectric
colorimeter of the five following solutions, to each of which was  added 3  drops of 4 per
cent NaOH and distilled water up to 10 cc.:  (a) 0.5 cc. pre-injection serum (B); (b)  0.5
cc. 5 minute serum (D); (c)  0.5 cc. 5 minute serum plus 0.5 cc. standard (S); (d)  0.5  cc.
10 minute serum  (D); (e)  0.5 cc.  10 minute serum plus 0.5 cc. standard  (S).  The  dye
retention  for both 5 and  10  minute serum  samples  was calculated  according  to the  fol-
lowing formula, the letters B, D,  and S representing the readings of the mixtures described
D-B
above  and  the figure  50 representing the standard:  D  D  X  50  - per cent  of  dye
S-D
retention.
For the galactose  tolerance  test each  animal was given intravenously  1.5  cc.  of a  25
per cent solution  of galactose  per kilo of body weight.  Blood samples  were  taken for
quantitative  galactose  estimations  at 30 minute  intervals  for  120 minutes.  After  the
animals  had been on the low  protein diet for  3 weeks  these  tests were  repeated.
Microscopic Sectios.-Sections were cut  from  each  liver sample  and stained  with
hematoxylin-eosin  and Sudan III.  Some sections were stained with the  Sudan IV and
the Nile blue  stain, but no further information could be obtained  from these than from
the Sudan III stain.  Glycogen stains proved unsatisfactory for comparative estimations.
RESULTS
Weigt.--All  dogs on the  carrot-low-protein  diet lost weight,  the  degree
of  loss  being  approximately  directly  proportional  to  the  amount of time
they were on the diet.  There was a greater tendency to lose weight during
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the first  week but in general  about 5 per cent of the body weight was lost
for each week the animals were on the diet.  After 50 days the weight loss
amounted to about 35 per cent.  In only one animal was a peripheral edema
noted; it was slight and occurred after 5 weeks on the diet.  A bilirubinemia
was also noted terminally in this dog.
Serum Protein.-Text-fig. 1 represents the changes in total serum protein
and serum albumin, which exhibited  a progressive and parallel fall of both
values with the course of time on the low protein  diet.  Each point repre-
sents the average values on at least 3 dogs.  In all, 93 determinations  each
of total serum proteins  and serum  albumins  were made,  the first  point in
each curve denoting the average initial values of the 22 dogs.  The parallel
decrease in total protein and albumin indicated, of course, that the globulin
fraction had maintained  relatively  constant  levels  throughout  the  experi-
ment.  The  fall  in serum  protein  was,  therefore,  entirely  in  the albumin
fraction.
Liver Fat and Glycogen.-The percentage  by weight of fat and glycogen
was  determined  in  33  biopsied  liver  specimens  obtained  from  15  dogs.
Variations were observed but they had no connection with the stage of the
experiment.  In general the diet seemed to exert no constant effect on either
the fat or the glycogen  in  the liver.  The percentage  of fat was  more sta-
tionary  than  that  of  glycogen,  the  former  varying  between  0.4  and  4.7
per cent,  while the latter ranged from 0.6 to 10.5  per cent.
Liver Proteins.-Determinations  of protein and non-protein nitrogen were
made  on  23  biopsied  liver  specimens  obtained  from  9  dogs.  Because  the
non-protein  nitrogen  values  remained  almost  constant  throughout  the
experiments  (about  0.1  to  0.3  per  cent),  and because  they represented  a
very small percentage  of the total nitrogen, these values are not tabulated.
Text-fig. 2 shows the fall in the protein nitrogen calculated  as liver protein;
each  point  represents  the average  percentage  by weight  of  protein  in  the
livers  of at least 3 dogs.  The decreases,  while not great, were progressive
and  proportional  to the length  of  time  the animals  were  on the diet.  In
4 of  the animals duplicate  determinations  were made  on different  lobes  of
the liver, the values obtained checking  well (Table I).
Liver Water.-The percentage  of volatile  substance  in  the liver  (almost
entirely water) was determined  in 4 animals, both before and 40 days after
the low protein  diet was begun.  In each case  the diet produced  an appre-
ciable  increase  in  the vaporizable  matter  of the  liver  (Text-fig.  3).  This
occurred in spite of the lack of appearance  of edema in the peripheral areas,
although  as  described  below  the  gross  appearance  of  the  liver  suggested
an increased water content.
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TEXT-FIG.  1. Effect of carrot-low-protein  diet on the total serum protein and serum
albumin.  Each  point  represents  the  average  values  on at  least  3  dogs.  Note  that
the  decreases  in  total protein and  albumin  are parallel,  indicating  no  change  in  the
globulin  concentration, i.e. the fall in serum protein was due  entirely to a fall in serum
albumin.
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TEXT-FIG.  2.  Effect  of  carrot-low-protein  diet  on the  percentage  of protein  in  the
liver.  Each point  represents  average  determinations  on at  least  3  dogs.  Note  that
the  decrease  in  protein  was  progressive  and  paralleled  the  fall  in  serum  albumin  as
shown  in  Text-fig.  1.
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Liver  Function Tests.-Since  iso-iodeikon  is  removed  from  the  blood
stream  by the liver  more rapidly in  the  dog than in  the human organism,
the application of this test to dogs necessitated the removal of blood samples
in 5 to  10 minute intervals after injection of the dye rather than in 30 to 60
minutes.  The test was performed on 9 dogs.  Before the carrot-low-protein
diet was  given  the average  normal retention  of  the  dye  in  these  animals
was 16.1 per cent after 5 minutes and 11.1 per cent after  10 minutes.  The
test was  repeated  in  the same  dogs  in  3 groups of  3 animals  each,  in  one
group  after  16  days,  in  another  after  31  days,  and  in  the  third  group
after  42  days.  In  each  instance  the  average  retention  showed  an  ap-
preciable  increase  in  both  the  5  and  10  minute  intervals,  the increases
being greater  the longer the animals  were on the diet.  The tests indicate
TABLE  I
Duplicate Determinations  of the Protein Content from the Right and Left Lobes of the Liver
Number of weeks on  Percentage of liver protein (N  X  6.25)
Dog  low  protein diet
Right lobe  Left lobe
F12  3  18.5  18.1
F13  3  17.2  16.3
F15  3  18.5  18.6
F23  3  18.0  18.1
6  14.9  15.3
that the carrot-low-protein  diet impairs  the excretory  function of the liver
for  iso-iodeikon  (see  Text-fig.  4).
Galactose  tolerance  tests  were  performed  on  4  large  dogs.  The  diet
seemed  to have little if  any effect  on this liver function.  In all instances
the  galactose  was  practically  entirely  removed  from  the blood  stream  in
90  minutes.  Moreover,  there  was  practically  no  change  in  the shape  of
the  elimination  curves.
Anatomical Changes.-The gross and especially  the  microscopic  changes
in the liver  were particularly striking.  The degree  of change depended  on
the length of time the animals were on the diet.  On gross inspection there
was in some  cases after  3 weeks on the diet a slight yellowish  sheen  to the
cut  surface  of  the  liver and  the  tissue  seemed  more  fragile,  but in  most
cases these gross characteristics were difficult or impossible to detect.  After
6 weeks on the diet the normal deep red of the liver was changed to a pasty
dull yellow-brown  color.  The cut surfaces were watery,  but the liver  did
422ROBERT  ELMAN  AND  CARL  J.  HEIFETZ
72
71
PERCENT
BY
WEIGHT
70
69
0S
423
8  DETERMINATIONS  ON  4  DOGS
40 20
DAYS  ON  DIET
TEXT-FIG.  3.  Effect  of carrot-low-protein  diet  on the water  content  (volatile  sub-
stances) in the livers of 4 dogs.  Note the increased water in each of the four experiments.
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TEXT-FIG.  4.  Effect  of carrot-low-protein  diet on the liver function as indicated  by
the retention of tetraiodophthalein  sodium  (iso-iodeikon).  Note that the retention  of
the dye increased progressively, indicating  a decrease  in liver function which paralleled
the fall in serum albumin and liver protein as shown in Text-figs.  1 and  2.EXPERIMENTAL  HYPOALBUMINEMIA
not appear swollen  or enlarged.  The  tissue was distinctly  softer and more
fragile  and  the lobular  markings  were  less  distinct.  In  spite  of  the lack
of protein  in  the  diet,  regeneration  and healing  of  the  liver  tissue  at the
sites of previous operations and the healing of the operative wounds seemed
not to have been impaired.
The  microscopic  changes  were  even  more  notable  and  characteristic.
The normal dog  liver has a cellular  structure similar to that of the human
liver  (Figs.  la and  lb).  The lobular outlines,  however,  are somewhat  less
distinct,  the  portal  areas  not  as  well  developed,  and  the  parenchymal
arrangement  in some  instances more capricious.  Normally the cytoplasm
is fairly granular  and some  small spaces  probably containing  glycogen  are
discernible.  In a well nourished animal fine droplets of fat can occasionally
be  made  out  usually  at  the  periphery  of  the  lobule.  These  are  always
spherical  in  shape  and  are  highly  refractile  to  light.  After  the  animals
were  on  the  carrot-low-protein  diet  for  3  weeks  striking  changes  were
observed  (Figs.  2a and  2b).  The  lobular outlines  became  somewhat  less
distinct  and  the  trabecular  and  sinusoidal  arrangement  less  orderly.
Changes  within  the  cells  were  usually  more pronounced  at  the periphery
of  the  lobules.  In  the  lesser  involved  cells  (usually  nearest  the  central
area of the lobule) were small somewhat irregular spaces with hazy outlines.
These  vacuoles  showed  a low degree  of refractility  in  contradistinction  to
the high refractility  of the fat droplets.  The most involved  cells showed a
greater degree  of vacuolization,  the smaller  vacuoles  apparently coalescing
to form larger  spaces which  occupied the greater portion of the cytoplasm.
The  longer  the  animal  was  on  the diet  the  more pronounced  were  these
changes.  After the 6th or 7th week the process extended in most cases  up
to the very center of the lobule  (Figs.  3a and 3b).  The normal trabecular
arrangement was difficult to  follow,  and the sinusoidal spaces  were  swollen
and  more  irregular.  The  cytoplasm  was  almost  completely  replaced  by
irregular spaces which  seemed to  encroach upon the  cell membranes.  The
cell  membranes,  however,  remained  quite  distinct,  albeit  somewhat  less
regular.  The  actual  size  of  the  cells  in  most  instances  remained  little
changed.  The nucleus was generally pushed to the  side of the  cell and was
at  times  slightly  flattened,  but  the  nucleolar  structure  remained  fairly
normal.  Although  the  nuclei  in  Figs.  3a  and  3b  are  somewhat  smaller
and pyknotic  this  was not a general  finding.  Since  the contents  of these
spaces  did not take  on  the fat or glycogen  stains, it  can  be  seen  that the
process,  whatever  else it may  be,  is  not one of fatty degeneration  nor  of
glycogen deposition.  In a few  of our sections  there was an increase  in the
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number  and  size  of  the  fat  droplets  but  these  changes  were  readily  dis-
tinguished from  those described  above.
COMMENTS
On  the basis of  the present  findings  a definite  correlation  can be drawn
between the chemical,  anatomical,  and functional  changes  in the liver and
the  fall  in  the  serum  albumin  induced  by  the  carrot-low-protein  diet.
Briefly,  these  findings  suggest  that  the diet  was  responsible  for  the pro-
nounced changes  in  the liver  as it was  for the  fall in  the  serum  albumin.
This likelihood  is increased  by the observation  that  the changes  were  all
parallel  and progressive,  increasing  in proportion  to the length  of time  the
animals were on the experimental  diet as shown in the accompanying  text-
figures.  That  is  to  say,  as  the  concentration  of  serum  albumin  fell the
protein  content of the liver fell, the water content increased, its functional
capacity  decreased,  and  the  microscopic  abnormalities  became  more
pronounced.
Several inferences may be drawn from these findings,  the details of which
are discussed below.  The first deals with the fact that the present observa-
tions constitute evidence  that the liver is  a probable source of the albumin
fraction  of  the serum protein.  Considerable  experimental  and some  clini-
cal evidence has accumulated indicating that the liver is the most important
site of plasma protein synthesis  (34).  The evidence  is much more conclu-
sive for  fibrinogen  than  for  albumin.  A  summary  of  this  evidence  may
also be found in the paper by Luck (35).  The progressive fall in the serum
albumin in the present observations is essentially  the same as that recorded
by Weech and his coworkers  (13).  If anything, the serum globulin of  our
animals  showed  an  even  greater  tendency  to  maintain  constant  levels.
That  the  protein  content  of  the  liver  should  fall  pari passu with  the
fall  in  serum  albumin  is  not proof  but certainly  suggests  a physiological
relationship.
That  the  liver  serves  as  a  storage  site  for  serum  albumin  requires  an
assumption for which the present experiments offer no evidence one way or
another.  If one could fractionate  the liver protein  such evidence might be
obtained,  for  it  might  reveal  which  of  the  liver  proteins  actually  was
depleted.  Protein  fractions  of  the  liver  have  been  studied  by  several
observers;  the  conflicting  observations  have  been  well  described  by
Luck  (35).  In  general  the  liver  was  found  to  contain  a  relatively  low
albumin  concentration  in  contrast  to  the  high  values  found  in  normal
plasma (36).  This fact in itself would seem to argue against the liver being
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a storage  site for plasma  albumin.  A more likely  explanation  is  that the
liver contains "basic" protein material which can be transformed into serum
albumin,  i.e. that the liver  is merely  a station in the assembly line  for the
production  of serum albumin.  Certainly recent studies of protein metabo-
lism indicate that an intensely  dynamic rather than a static mechanism  is
responsible  for changes in serum and even tissue protein.  The conception
of a passive  store (of  protein) will not explain why,  in the present  experi-
ments for example,  the large masses of muscle protein  failed to prevent the
fall in serum albumin  and liver protein.  Obviously  the mere  presence  of
tissue  protein,  even  though  non-essential  as muscle  must be,  cannot  pre-
vent  the  melting  away  of  indispensable  liver  and  plasma  protein  even
when  caloric  needs  are  met.
The impairment  of liver function  disclosed by  the increased  retention of
iso-iodeikon  during  the  carrot-low-protein  diet  has  obvious  therapeutic
implications.  Clearly the protein of the liver must be kept high if hepatic
sufficiency  is to be maintained.  The  situation,  thus,  is  quite  comparable
with the importance  of  a high  carbohydrate  diet in patients with hepatic
disease  for  maintaining  a  high  level  of  liver  glycogen.  Indeed,  recent
studies have  shown that protein  nourishment is necessary  to minimize  the
toxic  effects  of  hepatic  poisons  (37-39).  To  this may  be  added  the  fact
that in experimental  animals  a high protein  intake  was found  to prevent
fatty infiltration  of  the  liver  (17).  The  obvious  inference  would  be  that
protein as well as carbohydrate intake must be high in any patient suffering
from hepatic  disease whatever  its origin.
Are the results of these experiments  due solely  to a deficiency  of protein
in  the  diet or  to  partial  starvation?  The  experimental  diet  was  so  con-
stituted that, granted  ingestion in adequate  quantities,  the dogs were well
supplied with all the  essential  food requirements  except protein.  It  must
be  admitted,  however,  that the  ad libitum  feedings  given  our  dogs  con-
stitute  an  objection  to  the  dietary  management  of  our  experiment.  It
would  have  been  desirable  to place  our animals  in metabolism  cages  and
measure  the exact food and water intake of each, but we found that many
dogs so confined lose their appetite for the low protein diet, seem to tolerate
operative  procedures  poorly,  become  apathetic,  listless,  and  occasionally
develop  distemper.  On  the other  hand,  when  the  dogs  were  allowed  to
exercise  freely  and play  with  one  another,  they were  found  to take  more
liberal  amounts  of  the diet,  to  tolerate  operative procedures  well,  and  to
keep  in  better  physical and  mental  trim.  Accordingly,  they were  placed
in large  inside and outside  quarters,  in groups  of 3 or 4,  and an  excess of
the diet was  supplied daily.  In this manner  they were  found to consume
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an  adequate  amount  of  food  though  we  have  no  information  as  to  the
amount  taken  by  each  individual  dog.  That  the  results  of  our  experi-
ments were  not due merely to starvation  is evident  from the finding  that
in none of our dogs were  the glycogen  stores of the liver entirely  depleted;
in fact, some of the animals had actual increases in the percentage of glyco-
gen  content  after  varying periods  on  the  diet.  Another  fact is  that the
livers did not show  the fatty  changes generally associated  with starvation
states  (23-25,  27,  28).  Moreover,  except  for  loss of weight, other  nutri-
tional  disturbances  occurred  in  only  two  animals  and  these  only  after  a
number of weeks on the diet.  One animal developed mild edema and the
other a moderate loss of hair from the head and neck and some inflammatory
eye  changes.  The indications  are  that the liver  changes described  above
were due, not to actual starvation, but to a deficiency in the ingested diet.
The nature of the  anatomical  changes  in the liver is not entirely clear.
They would  seem to be due  to loss or change of some  element in the cyto-
plasm.  In view of the extensiveness of  the cell vacuolization  and the fact
that the percentage  of glycogen and fat in the liver tissue showed no signifi-
cant  variation  it would  appear  that  loss  of  protein  is  responsible.  This
view is, of course,  supported by the actual decreases in the protein content
of the liver.  The lack of  changes in the glycogen content can probably  be
explained  by the adequate  ingestion  of carbohydrate  and the maintenance
of  adequate  carbohydrate  metabolism.  The  failure  of  the  organism  to
deposit extensive  lipids in the liver  seems  to be contrary  to expectancy  in
view of the experiments of  Channon et al., (17,  18, 21),  Best et al. (15,  16),
and MacKay  (19),  all of whom  used low protein diets.  The  difference  is
probably  due  to  the  fact  that  in  the  experiments  of  these  workers  the
ingested food contained 40 per cent fat by weight while our animals received
approximately  10 per  cent  of fat in  their diet.  Furthermore,  it has been
demonstrated that the low protein diet alone fails to produce  an increase  of
the total serum lipids, total cholesterol,  and lipid phosphorus  of  the blood
stream  (14).
It  might  be argued  that some  of  the fall  in  the liver protein  might  be
accounted  for by the decrease in the protein concentration  of the contained
blood.  That this error is not significant  can be inferred from the following
considerations:  (a) the amount of blood actually contained in the capillaries
of a liver lobe at its edge is but a small part of the tissue mass; (b) percentage
of protein in the blood is much smaller than that contained  in liver tissue
itself.  Thus, assuming that the sections of liver contained about 5 per cent
blood by weight, one may calculate that the maximum fall in blood protein
observed  in  the  experiments  could  account  for  but  10  per  cent  of  the
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observed  fall in total liver proteins, a percentage  which  is not far  removed
from the probable experimental  error.
The  increase  in  the  percentage  of water  in  the  liver  substance  is  not
great considering  the gross and microscopic  appearance  of  the liver tissue.
Nevertheless,  the accumulation  of fluid in the liver  tissues seems  to be the
simplest explanation of the microscopic appearance; indeed, a similar picture
not infrequently  seen in the human  being  is called hydropic  degeneration;
such a lesion perhaps merits more consideration  if it proves to be associated
with protein deficient  states clinically.  In view of the lack of development
of  peripheral  edema  in all  but  one  of the  animals it  is unlikely  that the
fluid accumulation  in the liver is a manifestation of nutritional edema.  It
may be significant, however, to note that in three of the four dogs in which
these  determinations  of water  in  the  liver  were  made the  increase  in the
amount  of  water  almost  exactly  balanced  the  decrease  in  the  amount
of protein.
SUIMARY
1. Adult  dogs  maintained  for  6  weeks  upon  a  carrot-protein-deficient
diet  exhibited  a progressive  fall in the  serum protein  confined  entirely  to
the  albumin  fraction.  The  degree  of hypoalbuminemia  was  pronounced,
i.e. a fall from  3.75  to 2.00  gm. per  cent.
2.  Parallel  microscopic  changes  in  the  liver  were  observed  which  con-
sisted  of  a  gradual  loss  in  the  stainable  cytoplasm  producing  extensive
vacuolization.  This vacuolization  was not due  to the accumulation  of fat
or of glycogen as shown by chemical analyses as well as by stained sections
of  the livers.
3.  The  histological  changes  in  the livers  were  assumed  to be  due  to a
loss of protein  inasmuch  as there was  a parallel  fall in the protein  content
of  the liver  pari pass with the  fall  in  the serum  albumin  of  the  blood.
This assumption  is made more probable by the fact that the water content
of the liver  increased as the protein  content decreased.
4. Liver function,  as measured by the excretion of iso-iodeikon,  fell with
the  fall  of the  serum  albumin  thus  indicating  the production  of  hepatic
insufficiency  by the protein deficient diet.
5.  These  observations  are  discussed in relation to the question  whether
the liver  is the site of  formation or of storage  of serum  albumin.  Certain
other,  particularly  therapeutic,  implications  are  also  discussed,  i.e.  the
importance  of a high protein intake in patients with liver disease.
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EXPLANATION  OF  PLATE  21
Photomicrographs  of  biopsies  of  liver showing  changes  produced  by  a  carrot-low-
protein  diet.  Hematoxylin  and eosin stains.
FIG.  la.  Normal  control.  Note  the  fairly  regular  radial  arrangement  of  cell  tra-
beculae  and sinusoids  around the  central vein.  X  100.
FIG. lb.  Normal  control.  Note  the  presence  of  fine  granules  of  glycogen  in  the
cytoplasm and the  absence of  cytoplasmic  vacuolization.  X 450.
FIG.  2a.  After  3  weeks  on  carrot-low-protein  diet.  Note  the  more  capricious  ar-
rangement of the  cells at the periphery of the section, while  those at the center show  a
more normal arrangement.  X  100.
FIG.  2b.  Same as Fig. 2a.  Note the appearance of irregular spaces within the cellular
cytoplasm and the  relatively normal  appearance  of the nuclei.  X 450.
FIG.  3a.  After 6  weeks on carrot-low-protein  diet.  Note the extreme cell vacuoliza-
tion, the absence of  sinusoids,  and the lack of trabecular  arrangement.  X  100.
FIG.  3b.  Same as Fig. 3a.  Note the almost complete absence of stainable cytoplasm
and the intact cell membranes.  X 450.
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PLATE  21